We conducted a systematic review and meta-analysis of randomised controlled trials comparing cross-linked with conventional polyethylene liners for total hip replacement in order to determine whether these liners reduce rates of wear, radiological evidence of osteolysis and the need for revision. The MEDLINE, EMBASE and COCHRANE databases were searched from their inception to May 2010 for all trials involving the use of cross-linked polyethylene in total hip replacement. Eligibility for inclusion in the review included the random allocation of treatments, the use of cross-linked and conventional polyethylene, and radiological wear as an outcome measure. The pooled mean differences were calculated for bedding-in, linear wear rate, three-dimensional linear wear rate, volumetric wear rate and total linear wear. Pooled risk ratios were calculated for radiological osteolysis and revision hip replacement. A search of the literature identified 194 potential studies, of which 12 met the inclusion criteria. All reported a significant reduction in radiological wear for cross-linked polyethylene.
enough to show a difference in the need for revision surgery.
The longevity of a total hip replacement (THR) with a metal-on-polyethylene bearing may be limited by wear of the polyethylene liner. This results in the late failure of THR through aseptic loosening secondary to osteolysis, osteolysis around well-fixed implants, and dislocation. [1] [2] [3] An increase in the concentration of polyethylene wear particles in bone causes osteolysis. 4, 5 Methods to reduce the number of wear particles generated should result in longer survival of the THR.
Irradiation of polyethylene enhances cross-linking between the chains of polyethylene molecules. The resulting highly cross-linked polyethylene liner has improved resistance to wear, with the generation of fewer wear particles. 1, 6, 7 However, the particles are smaller than those generated from conventional polyethylene. There is some concern that these smaller particles may accelerate osteolysis in vivo. 8 Furthermore, studies have shown that increasing the degree of cross-linking of polyethylene reduces its plasticity and resistance to crack propagation, 9 which may result in early failure of the liner.
Cross-linked polyethylene liners have been used as an alternative bearing for more than ten years, and there have been a number of randomised controlled trials comparing them with conventional polyethylene liners. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] These trials commonly report wear of the liner using radiostereometric analysis. 24 The purpose of this study was to identify any significant differences in the outcomes of the early studies comparing cross-linked polyethylene with conventional polyethylene liners. A systematic review and meta-analysis was performed using randomised controlled trials assessing the need for revision, radiological bedding-in, radiological linear total wear, radiological linear rate of wear, radiological volumetric rate of wear, radiological evidence of osteolysis and the functional outcomes.
Materials and Methods
Eligibility criteria. Two authors (PRTK, MS) independently reviewed each article and determined the eligibility for inclusion based on the following criteria: 1) random allocation of treatments; 2) use of a cross-linked polyethylene liner; 3) use of a conventional polyethylene liner; 4) report of linear or volumetric radiological wear as an outcome measure.
After independently determining eligibility, the two authors agreed regarding inclusion of the articles. Any disputes between them were resolved by the input of a third author (SS). Search strategy. Randomised 25 to each study. The checklist has 16 items and was developed and validated as an instrument to assess the quality of non-pharmacological randomised controlled trials included in systematic reviews. 25, 26 The final reported score for the CLEAR NPT on each study was determined by consensus between three authors (PRTK, MS, SS). Data abstraction. Two authors (PRTK, MS) independently extracted the relevant data from each study and recorded them in a database which held the manufacturer and the type of polyethylene liner; the femoral and acetabular components; the number of hips and patients; gender, age, body mass index (BMI) and/or weight; the rate of follow-up; the time to last follow-up; the number of implants requiring revision; the functional outcome measures used; early penetration (bedding-in); the radiological total linear wear; the radiological linear, volumetric and three-dimensional (3D) linear wear rates; and the radiological evidence of osteolysis. Although the position of the patient during the acquisition of radiographs for wear measurements was not reported consistently in the studies, we chose the data on radiographs taken with the patient supine rather than those taken with the patient standing. The two authors came to a consensus regarding the values for each of these variables. A third author (SS) resolved any discrepancies. Evaluation of agreement. Agreement between the two authors on scoring the CLEAR NPT was assessed using the intraclass correlation coefficient (ICC). 27 The values for this have been categorised by convention as follows: < 0.20 slight agreement, 0.21 to 0.40 fair agreement, 0.41 to 0.60 moderate agreement, 0.61 to 0.80 substantial agreement, and > 0.80 almost perfect agreement.
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Statistical analysis. The mean differences were calculated for the following continuous outcomes: bedding-in, linear wear rate, 3D linear wear rate, volumetric wear rate and total linear wear. Variance around the mean difference was estimated using an SD, calculated using two methods. When a p-value was available, the standard error was calculated. The standard error was then used to determine the SD. When p-values were not available, confidence intervals (CI) were used to derive the SD. All calculations were conducted according to methods described in the Cochrane Handbook. 29 These can be imprecise, as imputation techniques make assumptions about unknown data. 29 When frequency data were available we calculated the relative risk and 95% CI for revision of the implant and radiological evidence of osteolysis between the cross-linked polyethylene and conventional polyethylene liners at the time of latest follow-up. In cases of contingency table sparsity, a value of 0.25 was added to cells with a value of zero. Where appropriate, a random-effects model (DerSimonian and Laird 30 ) was used to pool the relative risk estimates from these studies.
Tests of significance for treatment effects were two-tailed and a p-value < 0.05 was considered significant. RevMan 5.0 (The Nordic Cochrane Centre, Copenhagen, Denmark) meta-analysis software was used to perform the statistical analysis on all outcome measures pooled from the studies. Evaluation of heterogeneity. Stratified analyses were performed and a statistical test of interaction was used to evaluate the extent to which the results of the subgroups differed from each other. 31 We hypothesised that variability between studies might be due to different radiological techniques for measuring polyethylene wear and different brands of cross-linked polyethylene liner.
In order to control for multiple testing and type 1 errors, a significant difference between subgroups was defined by a p-value < 0.01. Heterogeneity between studies was quantified using the I 2 statistic. An I 2 value of 0% represents no heterogeneity, and values of 25%, 50% and 75% or more represent low, moderate and high heterogeneity, respectively.
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Results
We identified 194 potential studies. After reviewing their titles we eliminated 155 studies and reviewed the abstracts of the remaining 39 ( Fig. 1 ). There were 16 publications that met the eligibility criteria and the full articles were reviewed. We excluded three publications as they dealt with identical study populations, and three others were found to describe two studies at different intervals. The results from these latter papers were combined into two studies for the meta-analysis. We therefore assessed 13 publications and 12 studies reviewing 1038 THRs in the meta-analysis. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The mean follow-up for the 12 studies was 5.1 years (range of means, 2.3 to 8, Table I ). Description of the cross-linked polyethylene liners. Six different types of cross-linked polyethylene liner were used (Table I) , with three using the Longevity (Zimmer, Warsaw, Indiana), three the Durasul (Zimmer), two the Marathon (DePuy, Warsaw, Indiana), two the Duration (Stryker, Mahwah, New Jersey), one the Crossfire (Stryker) liner, and one the Aeonian (Kyocera Corp., Kyoto, Japan). Manufacturers differ in the fabrication of the liner, the type of radiation used to induce cross-linking, the dose of radiation, and the method of sterilisation. All cross-linked liners were produced from GUR 1050 ultra-high-molecular-weight polyethylene (UHMWPE) bar stock by machining techniques. 33, 34 Zimmer used electron beam radiation, whereas the others used gamma radiation to induce cross-linking. The dose of radiation was 3 Mrad for the Duration, 3.5 Mrad for the Aeonian, 5 Mrad for the Marathon, 7.5 Mrad for the Crossfire, 9.5 Mrad for the Durasul, and 10 Mrad for the Longevity. Crossfire liners underwent annealing at a temperature less than the melting point of polyethylene, and liners by all other manufacturers were heated above the melting point during annealing. The Marathon and Longevity liners were sterilised with gas plasma, the Durasul with ethylene oxide and the Duration, Crossfire and Aeonian liners with irradiation in a nitrogen atmosphere. Study quality. Agreement between the two authors on the scoring of the CLEAR NPT for the 12 studies was substantial to near-perfect for all questions (ICCs ranging from 0.70 to 1.00) except for Question 10 (ICC of 0.55) (Table II) . This focused on the blinding of clinical outcome assessors, and disagreement between the co-authors stemmed from ambiguity as to who was performing this assessment.
There were several common methodological flaws in the studies (Table II) . The allocation of patients into treatment groups was poorly described, with only five studies describing the generation of allocation sequences and four stating that the allocation was concealed. Blinding was not discussed in the majority of studies. Only two stated that the patients and surgeons were blinded, none that the ward and rehabilitation staff were blinded, only three that the clinical outcome assessors were blinded and seven that the nonclinical outcome assessors were blinded. All but one neglected to mention whether the study was performed according to the intention-to-treat principle. Functional outcome measures. The Harris hip 35 and the Merle D'Aubigné 36 scores were the most commonly reported functional outcome measures. Mean differences were calculated for outcome measures in the cross-linked group compared with those in the conventional group, with positive values favouring the cross-linked group and negative values the conventional group. The mean differences in the Harris hip and the Merle D'Aubigné scores were similar in both treatment groups (Table III) . We could not pool data for mean differences of the functional outcome measures, as most studies published ranges instead of SDs. Mean difference of bedding-in. Four studies reported estimates of the bedding-in process. In one bedding-in was measured as the y-intercept of the linear regression of the graph of femoral head penetration versus time. The other three studies measured bedding-in as the penetration of the femoral head at the time when the graph of penetration versus time became linear, at between six and 12 months, for a total of 147 THRs. Pooling the bedding-in data from these three studies provided a mean difference of -0.02 mm/year (95% CI -0.05 to 0.00; p = 0.10; I 2 = 0%). This suggests that there was no significant difference in bedding-in between cross-linked and conventional polyethylene liners. Mean difference for radiological wear measurements. The radiological linear wear rate was measured in ten studies with a total of 852 THRs (Fig. 2) 3 identical study populations 9 non-randomised trials 6 no highly cross-linked polyethylene treatment arm 5 no conventional polyethylene treatment arm 3 no report on radiological wear Sensitivity analysis revealed that removing data from the studies by Engh et al 13 and Garcia-Rey et al 17 reduced the heterogeneity for the pooled mean difference of linear wear rate, volumetric wear rate and total linear wear to 46%, 0% and 0%, respectively. These two studies were the outliers for greatest and least mean difference of linear wear. Removing these studies changed the linear wear rate, volumetric wear rate and total linear wear rate to -0.06 mm/year (95% CI -0.07 to -0.04; p < 0.01; I 2 = 46%), -25.58 mm 3 /year (95% CI -33.67 to -17.49; p < 0.01; I 2 = 0%), and -0.23 mm (95% CI -0.31 to -0.15; p < 0.01; I 2 = 0%), respectively. Sensitivity analysis on the pooled mean difference of linear wear rate by brand of cross-linked polyethylene for the Marathon, Durasul, Longevity and Duration liners showed heterogeneity values of 83%, 65%, 0% and 0%, respectively. The pooled mean difference of linear wear rate for the five studies that used the radiological measurement software developed by Martell (Martell Hip Analysis Suite, Chicago, Illinois) 37 had a heterogeneity of 95%.
Risk ratio for radiological evidence of osteolysis and revision arthroplasty. Signs of early radiological osteolysis around the femoral and/or acetabular components were recorded in five studies with a total of 544 THRs (Fig. 3) . The pooled data significantly favoured cross-linked polyethylene with a risk ratio of 0.40 (95% CI 0.27 to 0.58; p < 0.01; I 2 = 0%). The need for revision arthroplasty was reported in nine studies with a total of 730 THRs. The pooled data did not demonstrate a significant difference between the two treatment groups, with a risk ratio of 0.54 (95% CI 0.14 to 2.09; p = 0.38; I 2 = 0%). The reason given for revision in these studies was dislocation in two patients, loose components in two, excessive thigh pain in two patients in the Meta-analysis forest plot on trials comparing radiological osteolysis of cross-linked (XLPE) with conventional polyethylene (UHMWPE) (M-H, MantelHaenszel; Random, random effects model, CI, confidence interval).
conventional polyethylene group, and dislocation in one and a loose femoral component in another in the crosslinked polyethylene group.
Discussion
This systematic review and meta-analysis suggests that cross-linked polyethylene exhibits significantly reduced radiological wear compared with conventional polyethylene, with osteolysis around the femoral and/or acetabular components reduced in the short term. The rates of revision in the short term are not significantly different between cross-linked and conventional polyethylene, nor is the amount of bedding-in or creep. The functional outcome is similar for both types of polyethylene. The most striking finding was the reduced radiological wear of cross-linked compared to conventional polyethylene. All 12 randomised controlled trials reported a significant reduction in radiological wear. The pooled mean differences were significantly less for the linear wear rate, the 3D linear wear rate, the volumetric wear rate and total linear wear for cross-linked polyethylene. High heterogeneity for linear wear rate (94%), volumetric wear rate (93%) and total linear wear (97%) was reduced to 46%, 0% and 0%, respectively, by the exclusion of data from the two studies with marked outliers. 13, 17 These studies exhibited high heterogeneity when pooled with other studies using the same cross-linked polyethylene liners: 83% for Engh et al 13 using Marathon and 65% for Garcia-Rey et al 17 using Durasul. Furthermore, the study by Engh et al 13 used the Martell Hip Analysis Suite software to measure the linear wear rate. Pooling of the mean difference for linear wear rate for the five studies using this software resulted in a very high heterogeneity of 95%. This implies that the heterogeneity imparted by these two studies did not result from either the brand of cross-linked polyethylene or the software used for measurement. There may, however, be some systematic difference in the radiological measurement and/or the techniques of analysis employed by these two studies.
There has been some concern that the use of crosslinked polyethylene liners leads to accelerate osteolysis. An in vitro study by Ingram et al 8 reported that polyethylene cross-linked with 5 Mrad and 10 Mrad of radiation produced higher volumes of submicrometre particles in the 0.1 μm to 1 μm range compared with conventional polyethylene. Cross-linked polyethylene particles were found to stimulate the production of tumour necrosis factor-α in macrophages at substantially smaller concentrations than conventional polyethylene particles, suggesting that wear debris from cross-linked polyethylene might increase osteolysis. A case report by Bradford et al 38 attributed the loosening of a two-year-old cemented THR to wear particles produced from its cross-linked polyethylene liner. Impingement of the femoral neck against the liner was implicated as the source of accelerated wear in the liner. Contrary to these findings, our review suggests that the short-term incidence of osteolysis is reduced with the use of such a liner. The five randomised controlled trials that reported osteolysis found no difference in two studies and a significant reduction in osteolysis in three. Furthermore, the pooled risk ratio for development of radiological osteolysis was 0.40 (95% CI 0.27 to 0.58), indicating a significantly reduced risk of osteolysis with the use of cross-linked polyethylene.
Cross-linking changes the material properties of the polyethylene, effectively reducing its plasticity. 9 Although this reduction in plasticity is essential for the improved wear characteristics, there is a fear that cross-linked polyethylene may exhibit reduced toughness, ductility and resistance to crack propagation. Bradford et al 39 performed a retrieval analysis on 21 cross-linked liners removed at an average of ten months and concluded that there was surface damage on the liners which was not predicted by studies in simulators of hip wear in vitro. They suggested that the reduced plasticity of the cross-linked liners might increase the surface damage. However, a retrieval analysis performed by Muratoglu et al 40 concluded that the early surface damage on cross-linked liners removed before one year was due to plastic deformation and not to wear. None of the 12 randomised controlled trials included in our review reported early failure due to cracking or wear of the cross-linked polyethylene liner. The pooled risk ratio for revision in the short term was not significant: risk ratio 0.54 (95% CI 0.14 to 2.09). From the nine studies that mentioned the need for revision surgery, only two procedures were in the cross-linked polyethylene treatment groups, which had a total of 360 arthroplasties. Of these two, one was performed for recurrent dislocation and one for a loose femoral stem. This stem had been cemented and the cause of loosening was suspected to be a low-virulence infection. 15 There were several limitations to our study. The randomised controlled trials assessed had a mean follow-up of less than eight years. The differences in the rates of revision and osteolysis for cross-linked polyethylene may change with a longer follow-up. The randomised controlled trials were all relatively small, ranging from 46 to 230 patients, and many had methodological flaws, the most concerning of which was the lack of blinding. Given that there is no difference in the visual or radiological appearance of most cross-linked compared with conventional liners, it should be relatively straightforward to blind study participants. The studies observed used different brands of cross-linked liners with varying methods of manufacture and employed different software and techniques for measuring radiological wear. There was no consistency in positioning patients for radiographs and seven of the 12 studies had a loss to follow-up of more than 10% (Table I) .
In summary, cross-linked polyethylene liners exhibited reduced radiological wear and osteolysis at a mean follow-up of 5.1 years (1.8 to 9.0). There was no difference in revision rates between cross-linked and conventional polyethylene liners. No early failures attributable to brittleness of the cross-linked polyethylene have been reported. The 12 randomised controlled trials that we identified gave only short-term follow-up, and a longer term study is required to substantiate any superiority of cross-linked polyethylene over conventional polyethylene liners for THR.
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